In Brief
Protein-protein interactions mediate essential biological processes, but characterizing these interactions in cells presents a major challenge. Kleiner et al. describe a chemical proteomics approach combining photo-crosslinking and SILAC-based proteomics to characterize context-dependent direct protein-protein interactions in live cells. They apply their approach to profile interactions involving core histones H3 and H4. 
INTRODUCTION
The identification of protein interaction networks provides important insights into protein function and regulation (Aebersold and Mann, 2016) . Notably, advances in mass spectrometry-based proteomics have enabled large-scale interactome analysis of many essential cellular proteins (Kim et al., 2014; Wilhelm et al., 2014) ; however, identifying direct protein-protein interactions by mass spectrometry (or other methods) typically requires stringent affinity purification of binding partners, which remains challenging since the underlying interactions can be low affinity and context dependent.
Low-affinity protein-protein interactions can be stabilized by chemical crosslinking with bifunctional crosslinkers; however, such approaches are often inefficient because they require precise orientation of compatible amino acid side chains and delivery of the reactive crosslinker to the interaction of interest (Leitner et al., 2010) . An alternative approach to protein-protein crosslinking relies upon highly reactive intermediates that can be generated in situ by photoactivation (''photo-crosslinking''), such as a 1,2-diradical or carbene produced by UV irradiation of benzophenone or diazirine functionalities, respectively (Pham et al., 2013) . These photo-excited species are more broadly reactive than chemical crosslinkers and have shorter lifetimes, potentially improving their efficiency and reducing off-target crosslinking. However, photo-crosslinking strategies require incorporation of an appropriate photo-crosslinker into the target molecule, which has primarily restricted photo-affinity labeling to small molecules or peptide reagents (MacKinnon et al., 2007; Vila-Perello et al., 2007 ) that can be made by total chemical synthesis, or non-specific incorporation of photocrosslinkable amino acids throughout the proteome (Suchanek et al., 2005; Yang et al., 2016) .
Genetic code expansion strategies (i.e., ''amber suppression'') provide a powerful tool for the site-specific incorporation of photo-crosslinkable amino acids containing benzophenone or aliphatic diazirines into cellular proteins (Ai et al., 2011; Chin et al., 2002; Chou et al., 2011; Zhang et al., 2011) . These approaches are enabled by orthogonal tRNA/aminoacyl tRNAsynthetase pairs that can insert non-canonical amino acids at an amber stop codon in the gene of interest, and have been shown to work in bacteria, yeast, insects, and cultured mammalian cells. Amber suppression-mediated photo-crosslinking can be used for the analysis of protein-protein interactions in living cells (Hino et al., 2005; Zhang et al., 2011) , although low crosslinking efficiency poses a considerable challenge to the detection of native interactions and interactome profiling efforts.
Previously, we developed a photo-crosslinking and stable isotope labeling by amino acids in cell culture (SILAC)-based proteomics approach (crosslinking-assisted and SILAC-based protein identification [CLASPI] ) to profile post-translational modification-dependent protein-protein interactions (Kleiner et al., 2015; Li et al., 2012 Li et al., , 2013 . This approach relied on short synthetic peptides modified with a photo-crosslinkable p-benzoylphenylalanine residue, and was therefore limited in its ability to reveal context-dependent interactions occurring in living cells.
Here, we present a chemical proteomics approach (named iCLASPI, or in vivo CLASPI) that enables profiling of contextdependent protein-protein interactions in living cells. This approach relies upon site-specific photo-crosslinking in living cells enabled by amber suppression-mediated incorporation of a diazirine-containing amino acid, combined with quantitative SILAC-based (Ong et al., 2002 ) mass spectrometry to detect crosslinked proteins (Figure 1 ). We apply iCLASPI to characterize the interactomes of soluble and chromatin-bound histones during different stages of the cell cycle, and identify known histone chaperones and modifying proteins as well as cell-cyclespecific chromatin binders. Taken together, our study highlights the dynamic nature of chromatin and histone interactions and provides a general method for profiling protein-protein interactions in their native context.
RESULTS
Amber Suppression Enables Generation of PhotoCrosslinkable Histone H3 and H4 To stabilize direct interactions between histones H3 and H4 and their associated proteins in living cells, we tested the feasibility of incorporating photo-crosslinkable amino acids into cellular histones using amber suppression (Figure 2A ) (Liu and Schultz, 2010) . We chose to modify the N-terminal tails of these two (A) HEK293T cells expressing amber suppression constructs and grown in the presence of 3 0 -azibutyl-N-carbamoyl-lysine (AbK) can be used to produce photo-crosslinkable histones.
(B) Anti-H3 and anti-FLAG western blot analyses of HEK293T cells expressing affinity-tagged and amber codon containing histone H3 (with the amber codon at position 7) (H3-A7TAG) transgene and orthogonal aminoacyl-tRNA synthetase and tRNA.
(C) Anti-FLAG and anti-tubulin western blot of HEK293T cells expressing affinity-tagged and amber codon containing histone H4 (with the amber codon at position 10) (H4-L10TAG) transgene and orthogonal aminoacyl-tRNA synthetase and tRNA. core histones since they are known ''hot spots'' for protein-protein interactions and post-translational modifications. In brief, HEK293T cells were transfected with plasmids encoding orthogonal tRNA and aminoacyl-tRNA synthetase from Methanosarcina barkeri and an affinity-tagged histone H3 gene with an amber codon at position 7. In parallel, we generated an affinity-tagged histone H4 construct containing an amber codon at position 10. We then analyzed amber suppression efficiency in the presence of the non-canonical amino acids 3 0 -azibutyl-N-carbamoyl-lysine (AbK) (Ai et al., 2011) , a diazirine-modified lysine derivative that facilitates efficient protein-protein photocrosslinking, and N e -Boc-lysine (BocK), which can be used as a negative control in photo-crosslinking experiments. Western blots of soluble extracts from cells grown in the presence of AbK or BocK indicated successful amber suppression of the site-specifically modified histone H3 and H4 constructs, with minimal translation of affinity-tagged histone in the absence of these amino acids (Figures 2B and 2C) . We quantified relative levels of the modified H3 and H4 proteins by western blot with antibodies for the endogenous histones. Our results show that AbK-modified and affinity-tagged H3 protein comprises 27% of total soluble H3 in the cell. We were unable to robustly detect AbK-modified and affinity-tagged H4 protein using an anti-histone H4 antibody, suggesting that its relative expression levels are lower than what can be reliably measured using this approach. In addition, we assayed for potential in vivo protein photo-crosslinking to soluble histones by subjecting cells expressing AbK-or BocK-modified histones to 365 nM UV light and analyzing the soluble fraction by anti-FLAG western blot. We observed a number of slower migrating bands consistent with photo-crosslinked complexes specific to the cells expressing AbK-modified H3 or H4 ( Figures 2D and 2E ). Taken together, our results show that amber suppression enables the expression of site-specifically modified and photo-crosslinkable soluble histone H3 and H4, which can be used to capture direct interaction partners.
Soluble AbK-Modified H3 and H4 Photo-Crosslink to Known Histone Chaperones and Modifying Proteins Having validated expression and photo-crosslinking of soluble AbK-modified H3 and H4, we next used affinity purification and SILAC-based proteomics (Ong et al., 2002) to profile their respective interactomes. For each histone construct, we set up a comparative proteomics experiment consisting of isotopically labeled HEK293T cells subjected to two conditions: (1) a photocrosslinking sample expressing the AbK-modified histone protein and treated with UV, and (2) a negative control sample consisting of cells expressing AbK-modified histone but not subjected to UV, or cells expressing BocK-modified histone and treated with UV ( Figure 3A ). After photo-crosslinking, covalent protein complexes were isolated from the soluble histone pool, affinity enriched under denaturing conditions to favor isolation of direct binders, and analyzed by liquid chromatographytandem mass spectrometry. We performed two proteomics experiments (termed ''forward'' and ''reverse'' SILAC experiments) for histone H3 and H4 while switching the SILAC labels and treatment conditions to increase our confidence in putative ''hits'' and account for differences in protein abundance that is a result of isotopic labeling.
Our analysis of forward and reverse experiments identified several proteins photo-crosslinked to soluble histone H3 and soluble histone H4 ( Figures 3B and 3C , top right quadrants). Notably, we find NASP, a histone chaperone protein that regulates levels of soluble H3 and H4 (Cook et al., 2011) , enriched between 5-and 14-fold in both soluble histone interactome datasets ( Figures 3B and 3C , Table S1 ). In addition, RBBP7, a known H3 and H4 binding protein involved in chromatin assembly and remodeling complexes (Lai and Wade, 2011; Murzina et al., 2008) , was identified in both of our datasets with an enrichment value of $12. These datasets also revealed differences between the soluble histone H3 and H4 interactome. Specific H4 interactors enriched between 3-and 12-fold included RBBP4, HAT1, NPM1, and ZNF727. HAT1 is a major histone acetyltransferase that targets sites on the N terminus of soluble histone H4 (Benson et al., 2007) , NPM1 (Lindstrom, 2011) , and RBBP4 (Verreault et al., 1996) are known histone chaperones; none of these proteins was identified in the soluble H3 dataset. Instead, we identified interactions between soluble H3 and SET, UBR7, and ANP32A, all reported histone binding proteins (Li et al., 2012; Seo et al., 2001) , and enriched 7-to 12-fold in our proteomics experiment. In addition, the protein disulfide isomerases PDIA3 and PDIA1, as well as G3BP1, ATXN2L, and NFXL1, were identified as soluble H3 interactors. While PDIA3 was highly enriched, we observed a large discrepancy (2 6 -fold) between forward and reverse SILAC ratios and therefore did not pursue this potential interaction further ( Figure 3B ). We did validate the formation of a subset of the photo-crosslinked complexes identified in the proteomic data by western blot with anti-FLAG (to detect the modified histone) and gene-specific antibodies. Consistent with our proteomic dataset, we were able to observe photo-crosslinking between histone H4 and HAT1, and histone H4 and RBBP7 (Figures 4A and 4B). We were also able to validate the interaction between histone H3 and UBR7 ( Figure 4C ).
UBR7 PHD Finger Is Critical for the UBR7-H3 Interaction
We chose to further pursue the direct interaction between UBR7 and soluble histone H3 since it had not previously been characterized. Having successfully detected photo-crosslinking between AbK-modified histone H3 and a UBR7 transgene by western blot, we employed this assay to identify the region of UBR7 that mediated binding in cells. UBR7 contains a PHD finger domain, which is a well-established ''reader'' domain for methylated lysine residues in histone proteins (Sanchez and Zhou, 2011) . Indeed, alignment of the UBR7 PHD finger with the structurally characterized PHD finger from ING2 shows conservation of residues that form the ''aromatic cage'' that is important for recognition ( Figure S1 ). Therefore, we generated UBR7 expression constructs containing single point mutations in several of these aromatic residues and compared their photocrosslinking behavior with the wild-type protein. Mutation of the aromatic residues Tyr134, Tyr141, or Trp161 to Ala reduced the amount of photo-crosslinked H3-UBR7 product ( Figure 4D ), indicating that these residues are important for binding to H3. In contrast, mutation of Glu151 to Ala did not substantially alter photo-crosslinking efficiency ( Figure 4D ). To further characterize the interaction between UBR7 PHD finger and the N terminus of histone H3, we generated a recombinant UBR7 PHD finger in Escherichia coli and measured its binding to fluorescein-labeled histone H3 N-terminal peptides (residues 1-21) by fluorescence anisotropy ( Figure 4E ). We observed a dose-dependent increase in millipolarization that did not saturate at 80 mM UBR7 (the highest concentration that we could assay), indicating a low-affinity interaction between UBR7 and the H3 N terminus (estimated K d $ 50-100 mM). Since PHD finger domains often bind most tightly to methylated lysine residues, we also performed the same assay using an H3 peptide containing methyl-lysine at position 4, and observed similar affinity binding, indicating that methylation at lysine-4 does not have a strong effect on the interaction ( Figure 4E ). Taken together, our results show that the PHD domain is needed for UBR7 binding to the N-terminal tail of histone H3, suggest the involvement of several aromatic residues in histone recognition, and establish that post-translational methylation is not required for UBR7-H3 recognition.
Analysis of Chromatin-Bound AbK-Modified Histone H3 As we found that iCLASPI could identify binding partners of soluble histones, we reasoned that this approach might also enable profiling of direct and cell-cycle-specific interactions between chromatin-bound histones and their associated proteins in living cells. To test this, we isolated chromatin fractions from HEK293T cells expressing an amber codon containing H3 construct and grown separately in the presence of AbK, BocK, or no non-canonical amino acid, and analyzed them by anti-FLAG and anti-histone H3 western blot to detect the presence of modified H3 proteins. As expected, we observed expression of the modified chromatin-bound H3 protein predominantly in cells grown with AbK or BocK (Figures 5A and 5B) . In these cells, we estimate that these site-specifically modified histones constitute $33% of total chromatin-bound H3 ( Figure 5B ), a level that we expected would minimally perturb cell physiology but still allow for detectable amounts of protein-protein crosslinking. We also assayed whether AbK-modified H3 was a substrate for endogenous histone-modifying enzymes, particularly those that modify residues proximal to our AbK residue at position 7. Toward this end, we expressed AbK-modified H3 as described above, and induced histone phosphorylation (and mitotic arrest) by treatment with anti-mitotic compounds nocodazole or S-trityl-L-cysteine (STLC). We then used western blot to detect phosphorylation of endogenous and AbK-modified H3 on Ser10, a well-established histone ''mark'' associated with mitosis . After treatment with STLC or nocodazole, we were able to detect H3 S10-phosphorylation on both endogenous and AbK-modified H3 ( Figure 5C ), indicating that the modified histone did accumulate endogenous post-translational Cell Chemical Biology 25, 1-11, January 18, 2018 5 modifications at sites near AbK. We confirmed the specificity of the anti-H3S10phos antibody by performing an analogous experiment with an H3 transgene containing an S10A mutation ( Figure 5C ). Finally, we assayed whether we could detect the occurrence of in vivo photo-crosslinking events between AbKmodified H3 and other cellular proteins. We subjected cells expressing AbK-or BocK-modified H3 to 365 nm UV light, and analyzed the chromatin fraction by anti-FLAG western blot. We (B) Anti-H3 and anti-FLAG western blot analyses of the chromatin fraction of HEK293T cells expressing affinity-tagged and amber-containing histone H3 transgene (with an amber codon at position 7) and orthogonal aminoacyl-tRNA synthetase and tRNA. (C) Anti-FLAG and anti-H3 S10phos western blot analysis of HEK293T cells expressing an amber codon containing H3 (H3A7TAG) or an amber codon containing H3 with the S10A mutation (H3A7TAG S10A). Cells were grown in medium containing BocK and arrested with nocodazole or STLC.
(D) Cells prepared as in (B) were grown on AbK or BocK, irradiated with 365 nm light, and analyzed by anti-FLAG western blot. Black unlabeled arrowheads indicate putative photo-cross-linked protein complexes.
were able to detect slower migrating species specific to the AbKcontaining sample ( Figure 5D ), consistent with the formation of protein-protein crosslinks between AbK-modified H3 and interacting proteins. Taken together, our results demonstrate that AbK-modified H3 displays comparable chromatin incorporation and post-translational modification state as the endogenous histone, and forms UV-dependent crosslinks with cellular proteins.
Profiling Chromatin-Associated H3 Interactome in Asynchronous Cells
Next we used iCLASPI to profile the chromatin-associated H3 interactome in asynchronous cells ( Figure 6A ). Similar to the iCLASPI experiment probing the interactome of soluble histones, pairs of experiments in which the SILAC labels and UV treatment conditions were switched (termed forward and reverse SILAC experiments) were performed to account for potential differences in protein abundance due to isotopic labeling. Our analysis of the forward and reverse experiments revealed a number of proteins enriched upon UV treatment ( Figure 6B , top right quadrant). These included all of the core histones (i.e., H2A, H2B, H3, and H4) and the linker histone H1, which displayed enrichment values ranging from 3.4 to 11 ( Figure 6B ; Table S2 ). In addition, we identified the histone chaperones NPM1, NPM3, NAP1L1, NCL, ANP32B, ANP32E, and SSRP1 (a member of the facilitates chromatin transcription [FACT] complex) (Hammond et al., 2017) , and the proteins SET, RBBP7, and RBBP4, part of complexes regulating chromatin acetylation and remodeling (Lai and Wade, 2011; Seo et al., 2001) , which all displayed enrichment values R5.0 ( Figure 6B ; Table S2 ). Finally, SPIN1, a ''reader'' of H3 K4Me 3 (Li et al., 2012; Yang et al., 2012) , CENP-B, a DNAbinding protein found in the mammalian centromere (Cooke et al., 1990) , and UBF1, a transcription factor, were enriched 30-, 6.8-, and 3.3-fold, respectively ( Figure 6B ; Table S2 ). We validated photo-crosslinking between H3 and SPIN1 via western blotting by analyzing UV-treated cells expressing AbK-modified H3 and GFP-SPIN1 ( Figure S2 ), and observed efficient crosslinking, consistent with our proteomic dataset. transcriptionally silent state during mitosis (Gottesfeld and Forbes, 1997) and contains distinct post-translational modifications, including phosphorylation of Thr3 and Ser10 on the N terminus of H3 . These changes in post-translational modifications can regulate interactions with binding partners (Fischle et al., 2005; Kelly et al., 2010) ; however, few systematic studies of mitosis-specific chromatin-interacting proteins have been performed. To probe for mitosis-specific binders of chromatin-bound H3, we performed essentially the same experiment as described above for asynchronous cells, except that, prior to UV photo-crosslinking, cells were arrested in mitosis by treatment with nocodazole. Similar to our results in asynchronous cells, we found a number of proteins enriched upon UV treatment ( Figure 6C , top right quadrant). Again, all of the core histones and the linker histone were enriched, albeit with $2-fold lower enrichment values than those measured in interphase cells. In addition, we found the histone chaperone/ chromatin remodeling proteins SET, NPM1, NPM3, ANP32E, NAP1L1, ANP32B, NCL, RBBP4, and SSRP1, as well as the centromere-specific protein CENP-B and the transcription factor UBF1, which were all identified in the interphase dataset. Interestingly, our results identified several proteins that displayed mitosis-specific interactions with the N terminus of H3 including ANP32A, HTATSF1, NAP1L4, H2AX, HSPA1, HNRNPH, and HSC70, enriched between 3.7-and 13-fold ( Figure 6C ; Table S2 ). None of these proteins were enriched in the corresponding interphase dataset. Conversely, several proteins identified as interphase binders were absent from the mitotic dataset. Our data predict that SPIN1, RBBP7, and HNRNPF are excluded from interacting with chromatin-bound H3 during mitosis (Figures 6B and 6C) . Our finding that RBBP7 does not bind to H3 during mitosis is consistent with the report that this protein binds more tightly to an unmodified N-terminal H3 peptide, compared with the same peptide containing the mitotic phosphorylation ''mark'' at Ser10 (Klingberg et al., 2015) . We chose to characterize the interaction of ANP32A with chromatin, since our analysis predicts that this interaction is direct, and specific to nocodazole-arrested cells. We generated recombinant full-length ANP32A and a deletion construct lacking the acidic C-terminal tail (residues 1-149) ( Figure 7A ), and assayed them for binding to an H3 N-terminal peptide (residues 1-21) by affinity pull-down. Consistent with literature precedent (Schneider et al., 2004) , and our live-cell photo-crosslinking data, our results show that full-length ANP32A interacts with the N terminus of H3. Interestingly, we did not observe an interaction between H3 and ANP32A lacking its acidic C-terminal (A) ANP32A interacts directly with the N terminus of histone H3, most likely through its acidic C-terminal region. Dynabeads displaying a histone H3 peptide (residues 1-21) or no peptide were incubated with either full-length recombinant ANP32A protein or a truncated construct (residues 1-149). Input and elution were separated by SDS-PAGE and imaged with Coomassie blue stain. (B) Live-cell confocal imaging of GFP-ANP32A in RPE-1 cells. Cells were imaged by fluorescence and differential interference contrast (DIC) confocal microscopy as they progressed through the cell cycle.
region, suggesting that this region is required for H3 recognition ( Figure 7A ). To further characterize the mitosis-specific behavior of ANP32A, we generated RPE-1 cells expressing a GFP-ANP32A transgene and used live-cell confocal microscopy to track the localization of ANP32A as the cells progressed through mitosis. During interphase, we found that ANP32A was localized exclusively to the nucleus ( Figure 7B ). As the nuclear membrane breaks down in early mitosis, the protein exhibits diffuse staining throughout the cell. This distribution persists through metaphase. In the final stages of cell division, we observed the accumulation of ANP32A on chromosomes. Taken together, our findings show that ANP32A localizes to chromatin in dividing cells and suggests that it may be involved in cell signaling in this context.
DISCUSSION
Here we have established a photo-crosslinking, amber suppression, and SILAC-based proteomics approach for detecting direct protein-protein interactions in living cells, which we have termed iCLASPI. In contrast to other affinity pull-down approaches that have been combined with quantitative proteomics, our method is designed to be specific for direct interactions since we isolate photo-crosslinked binding partners under denaturing conditions. Chemical proteomics has emerged as a powerful method for capturing small molecule-protein interactions; however, it has not been broadly applied to investigate protein-protein interaction networks, largely due to the challenge of incorporating reactive handles into full-length proteins expressed in living cells. Our work shows how the specific incorporation of a diazirine-containing amino acid into a cellular protein, enabled by amber suppression, facilitates light-mediated chemical crosslinking of interacting proteins. This approach has the potential to stabilize both high-and low-affinity interactions, and greatly simplifies the extraction and affinity purification of protein complexes from the cell. Since photo-crosslinked products are often present in low stoichiometry, we use quantitative SILAC-based proteomics as a general method for detecting these covalent complexes. Due to the site-specific incorporation of the photo-crosslinker, our approach provides region-specific interactomes and therefore proper selection of protein-protein interaction hotspots is critical to its success. We apply iCLASPI to profile the interactome of two different soluble histone proteins, H3 and H4, providing additional insight into the specificity of native histone-mediated interactions. While two proteins, histone chaperones NASP and RBBP7, were identified in both soluble H3 and H4 datasets, we also found several direct binding partners specific to each protein, including HAT1, RBBP4, and NPM1 for H4, and SET, G3BP1, and UBR7 for H3. We further characterized the H3 interaction with UBR7, a member of the N-recognin family of E3 ubiquitin ligases that facilitate degradation of proteins containing N-degron sequences (Tasaki et al., 2005) . UBR7 contains the UBR box motif; however, in vitro binding studies have shown that it does not recognize the canonical N-degron sequence (Tasaki et al., 2009) . Notably, and in contrast to the other six UBR proteins, UBR7 contains a PHD domain, a known histone recognition motif. Importantly, our data shows that this interaction predominantly occurs in the soluble histone pool. While UBR7 has not been shown to be a competent E3 ubiquitin ligase, it is tempting to speculate that it may be involved in ubiquitin-dependent turnover of soluble histone H3.
Our study also demonstrates that iCLASPI can be used to profile context-dependent interactions, as we identified interaction partners of chromatin-bound histone H3 in asynchronous and nocodazole-arrested cells. In asynchronous cells, we identified interactions with a number of histone chaperone and nucleosome assembly proteins, including members of the nucleophosmin family, NAP1-like proteins, nucleolin, FACT complex, and acidic nuclear phosphoproteins, as well as proteins involved in chromatin remodeling and acetylation. While many of these proteins are known to be associated with chromatin, we do not know how they interact in vivo with the nucleosome particle. Our data suggest that these binding events involve a direct interaction with the N-terminus of histone H3. We also identified CENP-B, a centromeric protein that binds to DNA in a sequence-specific manner. CENP-B binds preferentially to nucleosomes containing the H3 variant CENP-A, but can also recognize canonical H3-containing nucleosomes (Fujita et al., 2015) . Since the stoichiometry of CENP-A nucleosomes at the centromere is low (Bodor et al., 2014) , it is likely that CENP-B retention at centromeres requires auxiliary interactions, and our data show that these interactions include binding to the N-terminus of H3.
During mitosis, chromatin exists in a condensed state, and fundamental cellular processes that are active during interphase, such as transcription and DNA repair, are largely silenced or inhibited (Gottesfeld and Forbes, 1997; Orthwein et al., 2014) . Interestingly, for AbK-modified H3 isolated from mitotic cells, we find that most chromatin-associated proteins present during interphase remain bound to chromatin during mitosis. This is somewhat unexpected since these proteins are largely histone chaperones and chromatin remodeling proteins that facilitate dynamic processes (e.g., the FACT complex mediates transcriptional elongation; Orphanides et al., 1998) that are predominantly repressed during mitosis. One possibility is that these proteins remain bound (but functionally inactive) throughout mitosis as a form of ''bookmarking'' (Kadauke and Blobel, 2013) . Notably, analysis of the interphase and mitosis datasets did identify a subset of proteins that bind during only one of these cell-cycle stages, including ANP32A, HTATSF1, H2AX, SPIN1, and RBBP7. Several of these proteins, including ANP32A and H2AX, have been implicated in mitosis-specific processes (McManus and Hendzel, 2005; Nalepa et al., 2013) . We imaged ANP32A during mitosis and found that it localizes to chromosomes during the final stages of cell division. ANP32A has been implicated as a regulator of PP2A phosphatase activity (Li et al., 1996) , and therefore it may be involved in mitotic progression. Further investigation will be needed to decipher the functional significance of these cell-cycle-specific interactions.
In conclusion, our study demonstrates the generality of the iCLASPI approach, as we have successfully used it to profile native protein-protein interactions involving two different histone proteins, different cell-cycle stages, and different cellular localization. Extending this methodology to other protein families, and expanding its scope to study post-translational modificationdependent interactions, should provide a powerful means of illuminating important biological processes.
SIGNIFICANCE
Methods for identifying low-affinity protein-protein interactions are critical for advancing our understanding of important biological processes. Development of a chemical proteomics-based approach that combines photo-crosslinking, amber suppression, and SILAC, which we term iCLASPI (in vivo crosslinking-assisted and SILAC-based protein identification), enables us to profile the interactome of target proteins in living cells. Our approach allows the elucidation of context-specific as well as site-specific direct interactions. We envision that iCLASPI methodology can be broadly applied to various protein families in live cells.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: humidified atmosphere with 5% CO 2 in Dulbecco's Modified Eagle Medium (DMEM) medium containing 10% fetal bovine serum (HyClone), penicillin-streptomycin, and 2mM L-glutamine. RPE1 cells stably expressing GFP-ANP32A were generated by retroviral transduction using retrovirus generated in 293-ampho cells.
METHOD DETAILS Plasmid Construction
Amber suppression plasmid pCMV-AbK (Ai et al., 2011 ) was a gift from Peter Schultz. Mammalian expression plasmids encoding amber-containing histone H3.2 or histone H4 with tandem C-terminal 12X-His and 3X-FLAG tags were generated using pCDNA3.1-Myc-HisA (Life Technologies). Expression plasmids for GFP-UBR7 constructs were generated by restriction cloning of a GFP-UBR7 PCR cassette into pCDNA3.1-Myc-HisA. An expression plasmid for GFP-SPIN1 was generated by restriction cloning of a GFP-SPIN1 PCR cassette into pCDNA3.1-Myc-HisA. The bacterial expression plasmid for full-length ANP32A (pET30a-PP32) was a gift from Judy Lieberman (Addgene plasmid # 8824) (Beresford et al., 2001 ). The bacterial expression plasmid for truncated ANP32A (residues 1-149) was generated by restriction cloning into the same vector. UBR7-PHD was cloned into pGEX-6P-1 (GE Healthcare) for bacterial expression. For generating GFP-ANP32A retrovirus, ANP32A was introduced into a modified pMSCV-based vector (pEA22-ANP32A).
Amino Acids 3'-azibutyl-N-carbamoyl-lysine (AbK) was synthesized as described previously (Ai et al., 2011) . N ε -Boc-L-lysine (BocK) was purchased from Chem-Impex International.
Transfections and Photocrosslinking
For histone H3 experiments, cells were transfected with the histone H3 plasmid and pCMV-AbK using the CaPO 4 method in medium supplemented with 0.5 mM AbK or 1 mM BocK. For histone H4 experiments, cells were transfected with histone H4 and pCMV-AbK using Lipofectamine 2000 (Life Technologies) and were grown in medium supplemented with 0.4mM AbK or 1.2mM BocK. 24 hours later, medium was replaced with cold PBS and cells were exposed to 365 nm UV (Spectroline ML-3500S UV lamp) for 15 minutes on ice. Cells were harvested and stored at À80 C prior to lysis and affinity purification. For nocodazole arrest, 330 nM nocodazole (Sigma) was added to the medium 24 hrs after transfection, and cells were incubated for 20 hr prior to UV treatment. For SILAC experiments, cells were cultured in DMEM -Arg -Lys (ThermoFisher Scientific) containing 10% dialyzed fetal bovine serum (ThermoFisher), penicillin-streptomycin, and 2 mM l-glutamine supplemented with either 22 mg/L 13 C 6 15 N 4 -L-arginine (ThermoFisher) and 50 mg/L 13 C 6 15 N 2 -L-lysine (Sigma) to make ''heavy'' medium, or the corresponding non-labeled amino acids (Sigma) to make the ''light'' medium.
Preparation of Soluble Extracts and Enrichment of Photo-Crosslinked Proteins
To prepare soluble extracts, cell pellets were resuspended in 20 mM HEPES, pH 7.5, 150mM NaCl, 0.2% Triton-X 100, 10 mM betamercaptoethanol, 20 mM Imidazole, 1 mM phenylmethylsulfonyl fluoride (PMSF), and Complete EDTA-free protease inhibitors (Roche), and incubated for 10 min at 4 C. The suspension was centrifuged at 20,000g for 15 min at 4 C and the supernatant was collected. The soluble extract was then diluted with 8 M urea, and incubated with His-tag Isolation and Pulldown Dynabeads (Life Technologies) at room temperature for 2 hr. Beads were washed 6X with 20 mM HEPES pH 7.5, 1 M NaCl, 20 mM Imidazole, 10 mM beta-mercaptoethanol, 0.1% Triton X-100 and 8 M Urea. Proteins were eluted in 20 mM HEPES, pH 7.5, 150 mM NaCl, 500 mM Imidazole, 10 mM beta-mercaptoethanol and 8 M Urea.
Preparation of Chromatin Extracts and Enrichment of Photo-Crosslinked Proteins
To prepare chromatin extracts, cell pellets were first resuspended in 20 mM HEPES, pH 7.5, 150mM NaCl, 0.2% Triton-X 100, 10 mM beta-mercaptoethanol, 20 mM Imidazole, 1 mM phenylmethylsulfonyl fluoride (PMSF), and Complete EDTA-free protease inhibitors (Roche), and incubated for 10 min at 4 C. The suspension was centrifuged at 20,000g for 15 min at 4 C and the supernatant was removed. The chromatin pellet was then digested with Micrococcal Nuclease (Worthington Biochemical Corporation) at room temperature, and subsequently extracted with buffer containing 20 mM HEPES pH 7.5, 8 M urea, and 500 mM NaCl. The clarified chromatin extract was then incubated with His-tag Isolation and Pulldown Dynabeads (Life Technologies) at room temperature for 2 hr. Beads were washed 6X with 20 mM HEPES pH 7.5, 1 M NaCl, 20 mM Imidazole, 10 mM beta-mercaptoethanol, 0.1% Triton X-100 and 8 M Urea. Proteins were eluted in 20 mM HEPES, pH 7.5, 150 mM NaCl, 500 mM Imidazole, 10 mM beta-mercaptoethanol and 8 M Urea.
Mass Spectrometry
Mass spectrometry was performed essentially as described (Kleiner et al., 2015) . Protein samples were reduced and alkylated, and then separated on a 4-12% Bis-Tris gradient gel (Life Technologies), followed by in-gel trypsin digestion. Tryptic peptides were purified and analyzed on a Q Exactive mass spectrometer (Thermo Scientific). Protein identification and quantitation of SILAC peptide ratios was performed using MaxQuant version 1.2.2.5.
